Two DNA-binding proteins with similarity to eukaryotic histone H1 have been described in Chlamydia trachomatis. In addition to the 18-kDa histone H1 homolog Hcl, elementary bodies of C. trachomatis possess an antigenically related histone H1 homolog, which we have termed Hc2, that varies in apparent molecular mass among strains. We report the molecular cloning, expression, and nucleotide sequence of the hetB gene encoding
Hc2 and present evidence for in vivo DNA-binding activity of the expressed product. Expression of Hc2 in Escherichia coli induces a compaction of bacterial chromatin that is distinct from that observed upon Hcl expression. Moreover, isolated nucleoids from Hc2-expressing E. coli exhibit markedly reduced sensitivity to DNase I. These properties of Hc2 are consistent with a postulated role in establishing the nucleoid structure of elementary bodies.
Chlamydia trachomatis is an obligate intracellular parasitic bacterium with a biphasic developmental cycle alternating between the extracellular, metabolically inactive elementary body (EB) form and the intracellular metabolically active reticulate body (RB) form that replicates within the eukaryotic host cell (24) . The chlamydial cycle of infection begins with the uptake of an EB by a susceptible host cell into a membrane-bound vacuole. Within approximately 8 h, differentiation to the larger RB form begins, marked by the reduction of the disulfide-linked EB outer membrane complex and dispersal of the highly condensed EB nucleoid. RBs multiply by binary fission within the cellular inclusion until 24 to 36 h after their internalization, at which time the developmental transition from RB back to EB begins. Characteristic compaction of the nucleoid occurs, accompanied by oxidative disulfide cross-linking of the outer membrane complex to form the mechanically rigid, impermeable EB cell wall.
Expression of two lysine-rich chlamydial nucleoproteins occurs late in development coincident with nuclear reorganization. Hcl, the product of the hctA gene with an apparent molecular mass of 18 kDa, has been implicated in this process (3, 16, 36, 37) , as have other highly basic DNAbinding proteins present in EB chromosome preparations (37) . In addition to structural roles in chlamydial nucleoid compaction and higher-order chromatin organization, these basic nucleoproteins may have specific regulatory roles in chlamydial differentiation. Expression of chlamydial nucleoprotein Hcl in Escherichia coli results in the formation of a highly condensed nucleoid with remarkable similarity to that observed in intermediate forms in chlamydiae having compacted nucleoids but uncontracted cell walls (3) . Recent studies supply convincing evidence that at lower levels of Hcl expression, DNA topology and structure are modified, resulting in altered transcriptional activity at topology-sensitive promoters. DNA replication, transcription, and translation activities cease at Hcl levels associated with nucleoid * Corresponding author. condensation (2) . The biological role of Hc2, the strainvariant histone-like protein of chlamydiae, is not known, although sequence similarities to eukaryotic histone H1 and late expression suggest that it may also interact with DNA in establishing EB nucleoid structure. A previous report described late-stage-specific expression of a 32-kDa protein detected with a monoclonal antibody reactive with the chlamydial histone homolog Hcl as well as with host components presumed to be histones (16) . Immunoblot analysis of purified preparations of L2 RBs and EBs by using an Hc2-specific monoclonal antibody further confirmed that Hc2 is undetectable at the RB stage of chlamydial development (5) . This family of proteins includes the lysine-and alanine-rich protein (KARP) of strain MoPn (27) as well as other proteins described previously (14) (15) (16) , which in. serotype L2 have an apparent molecular mass of 32 kDa in sodium dodecyl sulfate (SDS)-polyacrylamide gels. Hcl expression alone clearly has profound effects on nucleoid ultrastructure and gene expression in E. coli (2, 3) . However, it is reasonable to propose that Hc2 participates, perhaps in a cooperative fashion with Hcl, in establishing EB nucleoid structure or regulation of gene expression late in chlamydial differentiation. We propose the genetic designation hctB for the locus encoding Hc2 consistent with established nomenclature for the chlamydial gene encoding Hcl, hctA (16) .
MATERIALS AND METHODS
Bacterial strains and DNA cloning vectors. C. trachomatis serotype L2 (LGV-434) was propagated in HeLa 229 cells as described previously (6) . Preparation of the C. trachomatis L2 genomic library in bacteriophage Xgtll has been described elsewhere (16 (13) was used as host for all plasmid cloning procedures and protein expression studies using the mGP1-2 T7 RNA polymerase delivery system (34) . The plasmid cloning vector pGEM3Z (Promega, Madison, Wis.) was used for initial subcloning of hctB from lambda DNA and expression studies localizing the hctB coding sequences, using the E. coli host strain K38 pGP1-2 (29, 33) for thermoinducible T7directed expression of Hc2. Plasmid vectors pBluescript II KS+ and pBluescript II SK+ (Stratagene, La Jolla, Calif.) were used in the construction of unidirectional nested deletions for nucleotide sequencing analysis. The plasmid vector pT7-7 (32) was used for inducible expression of Hc2 in E. coli by the T7 RNA polymerase/promoter system of Tabor and Richardson (34) , with T7 RNA polymerase delivered by the M13 bacteriophage derivative mGP1-2. Amplification of hctB DNA sequences by the polymerase chain reaction (PCR) for construction of the Hc2-expressing plasmid pT7/ 0.7NE was performed by using a PCR reagent kit with AmpliTaq DNA polymerase (Perkin-Elmer Cetus, Norwalk, Conn.) and a Perkin-Elmer Cetus DNA Thermal Cycler.
Luria-Bertani (LB) broth was used as complete medium for the growth of E. coli. Carbenicillin (200 pg/ml) and kanamycin (50 jg/ml) were used to select for plasmids.
SDS-PAGE and immunoblot analysis of chlamydial anti-
gens. SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotting were performed as described previously (17) . Monoclonal antibody 750-9 (39), raised to gel-purified Hc2, was used to monitor Hc2 expression in E. coli. In situ plaque hybridization and Southern hybridization. A C. trachomatis genomic DNA library in the cloning vector Xgtll (16) was probed for hctB DNA sequences by using an a-32P-labeled 512-bp HindIII DNA fragment internal to the coding region of the histone homolog KARP (derived from plasmid pG83-6 obtained from J. Engel) of the mouse pneumonitis C trachomatis strain MoPn (27) . In situ plaque and Southern hybridization analyses of bacteriophage and plasmid DNA were performed by standard protocols (23) . ). Double-stranded plasmid template DNA was prepared by the alkaline lysis method (4) and further purified by precipitation in the presence of 500 mM NaCl and 6.5% polyethylene glycol 8000. RNA isolation. HeLa cell monolayers in 150-cm2 tissue culture flasks were infected with C. trachomatis L2 at a multiplicity of infection of 1, and total RNA was isolated at 16 and 40 h postinfection. Uninfected control HeLa RNA was also taken at 40 h. Total RNA was recovered essentially by the rapid, one-step acid phenol procedure of Chomczynski and Sacchi (7) , using an RNAgents total RNA isolation kit (Promega), modified to include treatment with RNasefree DNase (RQ1 RNase-free DNase; Promega) after acid phenol extraction and followed by an additional organic extraction step. RNA was quantitated spectrophotometrically by UV absorbance at 260-nm wavelength, lyophilized from aqueous solution, and stored at -70'C.
Transcript mapping by primer extension. Primer extension mapping was performed as described previously (30) , using 50 pug of total RNA and 100 fmol of 32P-end-labeled oligonucleotide primer per reaction. RNA was denatured at 850C for 10 min and then hybridized with labeled hctB antisense primer overnight at 45°C. Extension reactions used 400 U of Moloney murine leukemia virus reverse transcriptase (United States Biochemical) at 45°C. The 45-mer oligonucleotide primer used to map the hctB transcript (5'-CGTTXTC'I'T''G TACTCCCAACATGTTCATTCCCCTAATTAGACAG-3') was the antisense of nucleotides 131 to 175 in Fig. 2 and was also used to generate the accompanying DNA sequencing ladder from an hctB plasmid template.
Expression of Hc2 in E. coli. Hc2 expression in E. coli was accomplished by a modification of a method provided by S. Tabor, using the M13 bacteriophage derivative mGP1-2 (34) carrying the lac promoter-driven bacteriophage T7 gene 1 (T7 RNA polymerase). Overnight LB broth cultures of SURE(pT7-7) (Hc2 nonexpressing) and SURE(pT7/0.7NE) (Hc2 expressing) were subcultured 1:25 into the same medium and grown at 37°C with gentle agitation. At an optical density at 600 nm of approximately 1.0 to 1.5, Hc2 expression was induced by addition of mGP1-2 at a multiplicity of infection of 20 and isopropyl-f3-D-thiogalactopyranoside (IPTG) to 2 mM. Cells were harvested by centrifugation after an additional hour.
Electron microscopy of Hc2-expressing E. coli. Electron microscopy of E. coli cells was performed as described previously (28) .
DNase I nuclease sensitivity of E. coli nucleoids. E. coli nucleoids prepared as described previously (3) h, followed by extraction and precipitation prior to treatment with 1 ng of DNase I) was also assessed as an additional control. Twenty-microliter volumes of purified DNA solutions were resolved by 0.6% agarose gel electrophoresis, poststained in 0.5 pug of ethidium bromide per ml, and destained in 1 mM MgSO4.
Nucleotide sequence accession number. The sequence shown in Fig. 2 has been assigned GenBank accession number L10193.
RESULTS
Molecular cloning of hctB. The marked similarity of the N-terminal amino acid sequences of purified Hc2 proteins of serotypes L2, D, and B (15) and that deduced for the 26-kDa KARP of C trachomatis MoPn (27) strongly suggested that these proteins were homologous. Recombinant Xgtll bacteriophage encoding Hc2 of C. trachomatis L2 were identified by high-stringency in situ plaque hybridization using a cloned DNA probe internal to the coding sequences for the KARP of strain MoPn. Southern hybridization analysis of recombinant lambda DNA revealed a 2.2-kb EcoRI DNA fragment common to all positive bacteriophage (diagrammed in Fig. 1A ) that was also observed in high-stringency hybridization analysis of EcoRI-digested L2 genomic DNA (data not shown). The 2.2-kb EcoRI DNA fragment was subcloned into the EcoRI site of plasmid vector pGEM3Z for expression and immunological identification of the protein product. Cloned sequences directed the expression of an apparent 32-kDa immunoreactive product (data not shown) dependent upon transcriptional orientation of the DNA insert with respect to the plasmid T7 promoter. Hc2-coding sequences were further localized to a 1.2-kb HindIII-EcoRI DNA fragment by identification of plasmid subclones expressing full-length Hc2. Initial nucleotide sequencing of hctB revealed a highly repetitive DNA sequence, which limited the available number of unique internal priming sites for sequencing reactions. For that reason, the 1.2-kb HindIII-EcoRI DNA fragment was directionally cloned into the plasmid vectors pBluescript II KS+ and pBluescript II SK+ and used for the construction of nested unidirectional deletions as described in Materials and Methods.
Nucleotide sequence ofhctB. The nucleotide sequence of an 865-bp L2 genetic region including the hctB gene ( Fig. 2) was determined by the dideoxynucleotide chain termination method (31), using the strategy outlined in appears to be a polypeptide of 221 amino acids with a deduced molecular mass of 23,534 Da. Its apparent 32-kDa molecular mass by SDS-PAGE is likely due to the highly charged nature of Hc2, which has a predicted isoelectric point of 13.78. This strongly basic character is conferred by the presence of 21 arginine and 56 lysine residues per Hc2 monomer, which together contribute more than 44% of the total molecular mass of the polypeptide. These basic residues show marked periodicity throughout the amino-terminal two-thirds of the polypeptide as part of a pentapeptide repeat unit composed primarily of three aliphatic residues followed by two basic residues. This motif is reiterated 29 times in tandem. Superimposed upon this periodicity of basic residues are three identical direct repeats of 31 amino acids. Overall, a marked conformational preference for aL helix is predicted for the repetitive N-terminal region of Hc2, with a helix-turn-helix structural motif encompassing the C-terminal residues 188 through 221. Figure 3 depicts alignments of the primary amino acid sequence of Hc2 with sequences of the C terminus of sea urchin Lytechinus pictus histone H1 and with the KARP of C. trachomatis MoPn. Hc2 shares 47% identical residues with histone H1 over a 66-amino-acid overlap, with lysine and alanine accounting for 90% of these identities (Fig. 3A) . As with the homology between eukaryotic histone H1 and the chlamydial histone-like protein Hcl (16) , the region of apparent homology overlaps the C-terminal DNA-binding 
216 AAG CCT GCC GCT AAG AAG ACG GCA GCT AAA AAA GCT CCA GTA AGA AAA GTT GCA GCT AAG
576 CCA GTA AGA AAA GCT GTA GCT AAG AAG ACT GTA GCA AAA AGA GTA GCT TCA ACA AAA AAA
636 TCT TCC GTA GCA GTA AAA GCT GGA GTT TGT ATG AAA AAA CAT AAA CAT ACT GCA GCT TGT domain of H1; thus, these similarities may simply represent the product of convergent evolution reflecting a common DNA-binding activity.
Alignment of Hc2 with KARP ( Fig. 3B ) reveals that these proteins are 85% identical, with regions of greatest similarity at the Nand C-terminal domains. It is clear that although Hc2 and KARP differ in the number of pentapeptide repeats, there is strong conservation of the overall periodic structure of the basic repeat region, underscoring the potential biological importance of the spatial organization of basic residues. These data, along with similarities at the nucleotide level (data not shown), indicate that Hc2 and KARP indeed represent strain-variant forms of the same protein sharing evolutionary origins and functional activities among these chlamydial groups.
Data base searches employing the BLAST program (1) revealed high scoring similarities with a number of DNAbinding proteins, including AlgP, a regulator of alignate synthesis in Pseudomonas aeniginosa (9, 10, 20) , and the principal RNA polymerase sigma factor hrdB of Streptomyces coelicolor (35) . The common feature shared by virtually all protein sequences retrieved is an activity involving interaction with nucleic acids.
Transcript mapping of hctB. Primer extension analysis (Fig. 4 ) localized the 5' end of the hctB transcript to the A residue at nucleotide position 118 in Fig. 2, positioned 35 nucleotides upstream from the start of the hctB coding region. The hctl3 transcript is detected at 40 h postinfection and is absent in uninfected control samples and samples taken at 16 h postinfection, indicating that the extension product is derived from a chlamydial transcript which is more abundant late in infection. The transcription initiation site is spaced six nucleotides from a -10 hexameric sequence, GATAGA, which includes three of the most highly conserved nucleotides of E. coli a70 promoter elements (18) . Optimally spaced 18 nucleotides upstream from this Pribnow-like sequence is the sequence TTAAAG, which also includes three of the most conserved nucleotides of consensus E. coli c70 -35 hexamers (18) . Despite limited similarities to these E. coli promoter determinants, the actual contribution of these sequences to promoter recognition and strength in chlamydiae is unknown, although strong conser- Computer-assisted alignments were performed by using the protein alignment routine of the DNA and protein analysis program Geneworks 2.1 (Intelligenetics, Inc., Mountain View, Calif.). Identical residues are boxed. vation of these immediate upstream noncoding sequences between hctB of serotype L2 and MoPn (data not shown) suggests their potential involvement in control of Hc2 expression.
Expression of Hc2 in E. coli. To achieve high-level conditional expression of Hc2 in E. coli, the 663-bp hctB coding region was amplified by PCR from an hctB plasmid template. Oligonucleotide adapters were designed to create a unique NdeI restriction endonuclease site at the Hc2 5' translation initiation site and an EcoRI site at the 3' terminus of the hctB coding sequences (NdeI amplimer, 5'-GGGGATCCATAI GQTTGGGAGTACAAAAGAAACGC-3'; EcoRI amplimer, 5'-GGGiAAIJXCTATCTAGCGACTAATl-TCA-3'). The 0.7-kb NdeI-EcoRI DNA amplification product was directionally cloned into the NdeI and EcoRI sites of the plasmid expression vector pT7-7 constructed by S. Tabor (32) to produce pT7/0.7NE (Fig. 1A) . In addition to the T7 promoter, this expression vector supplies the highly efficient T7 gene 10 ribosome-binding site optimally spaced from the Hc2 start codon at the NdeI site. Figure 5A shows the silver-stained SDS-PAGE profile of Figure 5B is an immunoblot of duplicate samples reacted with Hc2-specific monoclonal antibody 750-9. Plasmid pT7/0.7NE, carrying the hctB open reading frame, encodes an immunoreactive product that comigrates with chlamydial Hc2. Higher-mobility pT7/ 0.7NE-specific bands reacting in the immunoblot may represent breakdown products of Hc2; they are also apparent in the silver-stained polyacrylamide gel.
Modification of E. coli nucleoid structure by Hc2 expression. Effects of Hc2 expression on E. coli nucleoid structure were examined by electron microscopy and compared with nucleoid structure associated with expression of chlamydial' nucleoprotein Hcl. E. coli SURE bearing the plasmid vector pT7-7 controlled for expression of C trachomatis genes hctA and hctB from the recombinant plasmids pT7-63 and pT7/0.7NE, induced as described above by using the mGP1-2 bacteriophage and IPTG. Electron micrographs ( Fig. 6 ) revealed structural modification of the E. coli nucleoid in Hc2-expressing cells. Hc2 expression results in the formation of electron-dense coil-like structures situated against a background of electron-lucent fibrillar material. In contrast, Hcl induction resulted in characteristically spherical condensed nucleoids as previously described (3) . Formation of ordered structures by Hc2 supports a proposal for DNA-binding activity in chlamydiae in spite of the lack of obvious structural analogies in the parent organism.
Hc2 expression affects DNase I sensitivity of E. coli nudeoids. SDS-PAGE analysis of intact bacterial nucleoids prepared from Hc2-expressing cells revealed a complex nucleoprotein mixture enriched in Hc2 (data not shown). This copurification suggested a potential association with nucleic acids or nucleoproteins. To examine this association in more detail, intact bacterial nucleoids were purified from control and Hc2-expressing E. coli cells and treated with DNase I. Untreated nucleoid preparations contained mostly intact high-molecular-weight DNA (Fig. 7) , with lower-molecularweight DNA bands representing DNA forms contributed by the inducing bacteriophage mGP1-2 and plasmid pT7-7 or pT7/0.7NE. Nucleoids prepared from Hc2-expressing cells were highly resistant to DNase I degradation compared with control nucleoids, which were readily degraded to highermobility DNA fragments. Deproteinated nucleoids of both samples were exquisitely sensitive to DNase I nuclease attack, suggesting that the DNase I resistance is conferred by Hc2.
DISCUSSION
This report details the molecular cloning and nucleotide sequencing of the hctB region of C. trachomatis L2. The hctB gene product Hc2 is a member of a family of homologous strain-variant chlamydial histone-like proteins which are more abundant in late stages of chlamydial infection. We also provide evidence for in vivo DNA-binding activity of Hc2 in bacterial nucleoids.
As with chlamydial Hcl, the amino acid sequence similarity of Hc2 with eukaryotic H1 and the late expression of Hc2 both suggest a potential role in the formation and maintenance of the ordered nucleoid characteristic of chlamydial EBs. The abundance of Hc2 in EBs (approximately 7% of total protein by densitometric analysis of Coomassie blue- stained polyacrylamide gels; data not shown) implies that Hc2 is not a regulatory protein in the conventional sense and is therefore likely to be a structural component of the condensed nucleoid. The distinct ultrastructural changes associated with expression of chlamydial nucleoproteins Hcl and Hc2 in E. coli suggest discrete structural roles for the two nucleoproteins in the chlamydial EB. Although a sequence-specific interaction is not precluded, Hc2 may affect transcription from sensitive promoters by modulation of DNA topology as recently demonstrated for Hcl (2) and other prokaryotic proteins termed histone like (reviewed in references 11 and 19) . Like Hc2, AlgP (AlgR3) of P. aeruginosa (9, 10, 20) is a highly basic histone H1 homolog with a lysine-and alanine-rich repetitive protein structure shown to interact with DNA (8, 9) . As a positive regulator of alginate synthesis, AlgP has been postulated to facilitate the interaction of distally bound transcription factors with RNA polymerase at the algD promoter by introducing or stabilizing DNA bends (10) . Analogously, one could speculate that Hc2 may mediate the control of transcription in chlamydiae by a similar mechanism.
As recognized by Perara et al. (27) for another member of the strain-variant Hc2 family, KARP, the regular spacing of proline residues within the Hc2 basic pentapeptide repeat region is predicted to result in a kinked helical structure with molecular dimensions compatible with the major groove of B-form DNA (25, 26) . This would allow Hc2 lysine residues to participate in strong electrostatic and hydrogen-bonding interactions with DNA. In DNA-binding assays using the protein-blotting procedure described by Wagar and Stephens (37) , Hc2 of chlamydial EBs and recombinant Hc2 expressed in E. coli bound radiolabeled double-stranded L2 DNA at high ionic strength (up to 500 mM NaCl), indicating a strong electrostatic attraction (data not shown). A similar approach was used to ascribe DNA-binding activity to KARP (27) .
The protein-blotting method, although useful in identifying candidate DNA-binding proteins, may detect other charged constituents with in vivo functions other than DNA binding. The DNase I protection assays described herein corroborate and extend the findings of Perara et al. for the MoPn Hc2 homolog KARP and provide evidence of in vivo Hc2-DNA interaction in the bacterial nucleoid, albeit in a heterologous system. The high degree of nuclease protection afforded E. coli chromosomal DNA by Hc2 suggests that there may be little nucleotide sequence specificity of Hc2 binding, although this may depend upon absolute levels of Hc2 intracellularly. Variations in Hcl concentration likewise exert differential effects on cellular processes and nucleoid ultrastructure (2) . The C-terminal helix-turn-helix domain of Hc2 has limited amino acid sequence similarity with regions of some prokaryotic regulatory proteins which show sequence specificity in their DNA interactions. Specifically, the Hc2 C-terminal helices share the strongly conserved glycine and hydrophobic residues at the a2 and a3 helices of the Lac, Gal, and 434 Cro repressors (reference 26 and data not shown), suggesting some degree of structural similarity.
Examination of sequences upstream from the transcription initiation site revealed putative promoter elements with limited similarity to E. coli ur70 consensus determinants. Recent transcript mapping of hctA encoding Hcl of C. psittaci mn (21) and of C. trachomatis L2 (5) also revealed sequences which formally resemble E. coli &70 promoter determinants. Despite apparent temporal coexpression, there is no striking similarity between upstream sequences determined for hctA and hctB. Homology between domains of the proposed major sigma subunit of chlamydiae, u66 (22) , and other bacterial sigma factors suggests that promoter recognition in chlamydiae is analogous. However, the actual promoter structure of any chlamydial transcriptional unit remains speculative in the absence of a genetic system for functional analysis in chlamydiae.
It is of interest that although few prokaryotic homologs of eukaryotic histone H1 have been identified, chlamydiae possess two such proteins. These are similar in structure and predicted biochemical properties although of apparently different evolutionary origin, intimating that they have discrete yet perhaps related biological functions in chlamydiae. The unique morphology of the nucleoids resulting from expression of chlamydial nucleoproteins Hcl and Hc2 in E. coli provides the first evidence that the two histone H1 homologs may have distinct activities in establishing chlamydial nucleoprotein structure. The observation that both appear to function in modification of nucleoid structure in a heterologous system should prove to be invaluable in dissecting the separate roles of these proteins in the absence of a developed genetic system in chlamydiae.
